We report the Raman electron paramagnetic resonance ͑EPR͒ of Cr 3+ in ruby ͑Al 2 O 3 :Cr 3+ ͒ in the 4 A 2 ͑ground͒ and Ē ͑excited͒ states of its well-known R 1 emission line. Using tunable dye laser excitation within the range of the Zeeman components of R 1 , we observe highly selective doubly resonant enhancements of the Raman EPR lines. The double resonances confirm the assignments of the Raman EPR lines, and they underscore the simultaneous occurrence of both "in resonance" and "out resonance" as visualized in the Kramers-Heisenberg quantum-mechanical picture of inelastic light scattering. The g factors of the 4 A 2 and Ē states are consistent with the observed magnetic field dependence of the Raman EPR shifts. Through the interplay of Raman effect and the sharp Zeeman components of R 1 , the results provide clear insights into the underlying microscopic mechanism of these resonant Raman EPR spectra of ruby.
I. INTRODUCTION
The incorporation of 3d transition-metal ions ͑TMIs͒ as substitutional impurities in host crystals, such as oxides ͑e.g., Al 2 O 3 , MgO͒ and II-VI semiconductors, leads to novel optical, semiconducting, magnetic, and magneto-optic properties. 1-3 These originate in the incomplete 3d electronic shell of TMI which gives rise to unique electronic levels, localized magnetic moments, and their possible exchange interactions with the band states of the host. The resulting fascinating physical phenomena in semiconductors are well exemplified in the class of materials known as diluted magnetic semiconductors ͑DMSs͒, 4, 5 in which TMI randomly replace the group II cations in the lattice, causing tunable band gaps, large electronic g factors resulting in giant exciton spin splitting and Faraday rotation, as well as magnetic phase diagrams containing spin glass and antiferromagnetic phases, depending on the concentration of the TMI. Among the oxides, the Cr 3+ -doped Al 2 O 3 , the well-known gemstone ruby, is a prime example of new physical properties originating from substitutional TMI impurity, replacing Al in this instance. Both the noteworthy red color of ruby, and its two sharp atomic-emission-like lines, known as R 1 and R 2 , originate from the unique electronic structure [6] [7] [8] [9] of the Cr 3+ ion in ruby. The studies on the R 1 emission line of ruby have been central in several significant scientific advances, including the invention of the first laser 10 by Maiman in 1960. In all these cases, the nature of the electronic configurations of the TMI ͑i.e., ͓Ar͔3d n 4s 2 ͒, their site symmetries in the host, spin-orbit interaction, and in some cases, the Jahn-Teller perturbations to which they are subjected when incorporated in the host have stimulated extensive basic and applied research.
In the present paper, we report the electronic Raman spectrum of ruby in which the electron paramagnetic resonance ͑EPR͒ within the Zeeman multiplet of the ground state of the R 1 line occurs as Stokes and anti-Stokes Raman shifts. We demonstrate doubly resonant effects in the Raman EPR spec-tra by tuning the incident photon energies across the spectral range in which the sharp Zeeman components of R 1 occur. These double resonances arise from the simultaneous occurrence of both "in resonance" and "out resonance" for Raman EPR lines of ruby, which follow naturally from the Kramers-Heisenberg 11 picture of Raman scattering. In such instances, the energies of both the incident photon ͑ប L ͒ and the scattered photon ͑ប S ͒ coincide with two different allowed electronic transitions of the medium, causing a pronounced enhancement of the intensities of the Raman lines, thanks to the resonance caused by both the denominator terms of the scattering cross section. Such double resonances were observed in DMS by Gubarev et al. 12 and in a molecular beam epitaxy ͑MBE͒-grown bulk GaAs by Jayaraman et al., 13 by tuning not only the exciting photon energy but also another experimental parameter ͑e.g., magnetic field, uniaxial or hydrostatic stress, temperature͒. However, the double-resonance effects reported here are entirely intrinsic to the electronic structure of Cr 3+ in ruby, since they are realized solely by tuning the exciting radiation, without simultaneously tuning another experimental parameter to specific values. In other words, we demonstrate that whenever a Raman EPR line of ruby experiences an in resonance, inevitably it undergoes out resonance as well. This aspect also enables unambiguous assignments of the observed Raman EPR features of ruby and leads to clear insights into the mechanism of these resonant Raman EPR spectra.
II. EXPERIMENTAL
Raman and photoluminescence ͑PL͒ spectra were recorded using oriented single crystals of ruby placed in an optical cryostat incorporating a superconducting magnet. Spectra were obtained in the right-angle scattering geometry at a nominal sample temperature of 6 K. The low sample temperature allowed us to exploit the extremely small linewidth of R 1 and its Zeeman components near liquid-helium temperature, and thereby explore the resonance effects with high sensitivity. PL spectra were excited using the 5145 Å line of an Ar + laser; below 1 T these spectra were recorded under high resolution ͑ϳ0.01 cm −1 ͒ of a piezoelectrically scanned, five-pass, Fabry-Perot interferometer. Above 1 T, both Raman and PL spectra were recorded with a doublegrating spectrometer, with a resolution of ϳ0.2 cm −1 . The chromium concentration of the samples is estimated to be ϳ2.3ϫ 10 19 cm −3 . The Raman spectra were excited with a dye laser with DCM dye as the lasing medium. 14 Optically pumped with the 5145 Å line of an Ar + laser, it provided an ideal continuously tunable source of monochromatic radiation in the range 6200-7400 Å, which includes the Zeeman components of R 1 . All the spectra reported here were obtained with the magnetic field B ʈ c, the optic axis of ruby.
III. RESULTS AND DISCUSSION
We present and discuss our experimental results below in three parts. First, in part A, the PL spectra of R 1 and their magnetic field dependence are presented. These are relevant for the subsequent discussions on the Raman EPR spectra of ruby. Next, the Raman EPR spectra of the ground and excited states of R 1 are discussed, respectively, in parts B and C. In all three sections, the discussion is confined to the spectra obtained with B ʈ c. With B Ќ c, level mixing effects arise in the ground-state Zeeman multiplet of R 1 , and hence they are no longer pure spin states. For this reason, we will discuss our results for B Ќ c elsewhere in a future publication.
A. Photoluminescence spectra
Electronic levels of Cr 3+ ions 6-9 occupying a trigonal site in Al 2 O 3 and reflecting the effects of the trigonal distortion, crystal-field effects, and spin-orbit coupling give rise to strong absorption bands in the green ͑U band ϳ18 000 cm −1 ͒ and the blue ͑Y band ϳ25 000 cm −1 ͒ spectral ranges, thereby endowing ruby with its characteristic red color. Electrons optically excited into the broad U and the Y bands nonradiatively decay into the metastable 2Ā and the Ē states. From 2Ā and Ē , electrons decay radiatively into the 4 A 2 ground state, generating the sharp R 1 and R 2 lines, respectively, as shown in Fig. 1͑a͒ . The Zeeman splittings of Ē and 4 A 2 for B ʈ c produce the six photoluminescence transitions of R 1 , i.e., ͑PL 2 -PL 7 ͒, shown schematically in Fig.  1͑b͒ . These transitions appear strongly in the absorption spectrum of ruby as well. The R 1 and R 2 lines at zero field and their Zeeman components at 6 T with B ʈ c are displayed in Fig. 2͑a͒ , while the magnetic field dependence of the six Zeeman components of R 1 ͑PL 2 , ... ,PL 7 ,͒ is shown in Fig.  2͑b͒ . The solid lines are calculated using the spin Hamiltonian 15 with g ʈ = 1.984 and 2D = −0.3824 cm −1 for 4 A 2 and g ʈ = 2.45 for the Ē excited state 16 based on microwave-EPR experiments. For convenience in further discussion, Table I lists the positions of the six Zeeman components of R 1 at B = 6 T along with the initial and final states which give rise to each component. Figure 3͑a͒ shows the Raman EPR transitions within the 4 A 2 Zeeman multiplet as Stokes and anti-Stokes shifts at 6 T with B ʈ c. The incident photon energy ប L from the dye laser was 14397.5 cm −1 at 40 mW power. Note that although this ប L lies below the lowest PL n in Table I ͑i.e., PL 2 ͒, it is nonetheless close enough to the PL region. Indeed, with the same laser power, and ប L lowered by only about 20 cm −1 , the intensities of the Raman lines decreased so drastically that they become almost unobservable. This indicates that the spectrum in The straight lines are calculated from the spin Hamiltonian 15 with g ʈ = 1.984 and 2D = −0.3824 cm −1 . It is evident that the observed Raman EPR shifts, denoted as full circles, are in excellent agreement with the calculated straight lines and clearly justify the assignments of the observed Raman lines. Thus, the new spectral features can be unambiguously ascribed to the ⌬m = Ϯ 1 and Ϯ2 Raman EPR transitions of Cr 3+ within the 4 A 2 multiplet. Raman lines ͑−3
B. Raman EPR of the 4 A 2 (ground) state of R 1
We note that in Fig. 3͑a͒ the expected ͑−1 / 2 → 1 / 2͒ Stokes Raman transition and its corresponding anti-Stokes component have not been resolved from the nearby Raman lines; as will be seen below, they are observed distinctly only under the exact resonance conditions, and their magnetic field dependence falls on the line passing through the origin in Fig.  3͑b͒ . Figure 4 shows the evolution of the Raman EPR spectrum as ប L is tuned through the PL region, with the magnetic field being kept constant at 6 T. The occurrence of the pronounced resonance enhancement for each specific Raman line as a function of ប L , in Stokes and/or anti-Stokes sides, is clearly evident in this figure. One can appreciate the sharpness of the resonance curve from the distinct intensity changes in a given Raman line, even for minute energy changes in ប L . When the incident radiation energy increases from low to high, spanning the energy range of the Zeeman components of R 1 , the resonance enhancement occurs first for the anti-Stokes, then for the Stokes Raman EPR lines. For instance, with ប L =PL 2 , the anti-Stokes Raman transitions ͑1 / 2 → −1 / 2͒ corresponding to ⌬m = −1 and ͑1 / 2 → −3 / 2͒ corresponding to ⌬m = −2 come into resonance, while the corresponding Stokes transitions are barely seen. Note also that when ប L changes by just 2.3 cm −1 , from 14 414.1 to 14 416.4 cm −1 , the intensity of the anti-Stokes Raman transition ͑3 / 2 → 1 / 2͒ decreases by 4 orders of magnitude. Eventually, with ប L =PL 6 , the Stokes spectrum is stronger by 4 orders of magnitude compared to the anti-Stokes spectrum. It is clear that all these strong resonances are observed while ប L is tuned over a narrow range of ϳ30 cm −1 , which overlaps the PL region. These experimental observations are considered below in further detail.
A Raman transition is visualized in the Kramers-Heisenberg theory 11, 17 as a two-photon process: a virtual electric-dipole absorption involving the incident photon ប L coupling the initial state ͉g͘ to an intermediate electronic state ͉i͘, and a virtual electric-dipole emission from coupling ͉i͘ to the final state ͉f͘ producing a scattered photon ប S . The net exchange of energy with the scattering system is thus ͑E f − E g ͒, the Raman shift. From second-order perturbation theory, the scattering cross section for such a transition exhibits in resonance when B levels as well as the U and Y bands. 7, 8 However, the resonant effects are highly selective and lie within the range of the PL 2 to PL 7 ͑i.e., PL n ͒ features associated with R 1 . Given the close proximity of the excited states of R 1 to the range of ប L employed, one can justifiably identify the most relevant participating intermediate states for these Raman EPR spectra as the Ē ͑Ϯ 1 2 ͒ states. Next, we pictorially illustrate how the double resonances arise. In Fig. 5 , the ordinate corresponds to ប S and the abscissa to ប L . Since the energies of the photoluminescence lines are independent of ប L utilized in the Raman experiment, the positions of PL 2 , ... ,PL 7 appear in the figure as six horizontal lines parallel to the abscissa. Also, the diagonal line labeled as ប L in this plot, corresponding to the incident photon energy, serves as a reference line for locating ប S , the Stokes ͑1, ... ,5͒ and the anti-Stokes shifts ͑1a, ... ,5a͒, for a given ប L ; the ប S 's lie on lines parallel to ប L . The energies of the Raman lines with ⌬m = Ϯ 1 and Ϯ2 as a function of the tunable dye laser photon energy ͑ប L ͒ are also depicted on this plot. The labels ͑1a-5a and 1-5͒ of the Raman lines ͑ប S ͒ denote the following anti-Stokes Raman transitions within the 4 A 2 Zeeman multiplet: 1a : ͑1 / 2 → −3 / 2͒; 2a:͑3 / 2 → −1 / 2͒; 3a:͑−1 / 2 → −3 / 2͒; 4a:͑1 / 2 → −1 / 2͒; 5a:͑3 / 2 → 1 / 2͒; and their corresponding Stokes counterparts: 1 : ͑−3 / 2 → 1 / 2͒; 2:͑−1 / 2 → 3 / 2͒; 3:͑−3 / 2 → −1 / 2͒; 4:͑−1 / 2 → 1 / 2͒; 5:͑1 / 2 → 3 / 2͒. As will be seen below, the above diagram allows one to discover unambiguously the ប L 's at which the resonant enhancements of the Raman EPR transitions occur.
The six intersections of the horizontal PL lines with the line labeled as ប L , denoted by full circles, thus identify the six incident photon energies for which the conditions for in resonance are fulfilled. Simultaneously, in each such case, there are only two Raman lines, both of which fulfill ប S = E͑PL n ͒, i.e., out resonance. These are two anti-Stokes lines, two Stokes lines, or one of each. These out resonances are signaled by the intersections of the ប S lines with the PL lines ͑located at the vertical dashed lines passing through the corresponding full circle͒. Accordingly, we expect 12 occurrences of double resonance. The resulting selection rules at resonance, governing the ⌬m = Ϯ 1 and Ϯ2 Raman transitions, are listed in Table II for all the six possible cases of in resonance, for which ប L =PL n . Each ប L thus fulfills the condition for in resonance. Simultaneously, as Table II confirms, for each in resonance, there are only two allowed scattered photon transitions, whose energies naturally coincide with a PL n and inevitably cause out resonances for two different Raman EPR lines. Thus a highly selective doubly resonant pair of Raman features is manifested. Although the Raman shifts and energies of PL n are magnetic field dependent, it is clear from Table II that these double resonances   TABLE II . Selection rules for double resonance of Raman EPR lines. will occur at any magnetic field. At any selected value of B, one merely has to tune ប L so as to coincide with a specific PL n ; hence, no tuning of any other experimental parameter is involved. Figure 5 also shows that as ប L is progressively increased, starting from below PL 2 , selected anti-Stokes lines will first experience double resonance, followed by selected Stokes and anti-Stokes, and finally only selected Stokes lines. This is indeed consistent with the spectra shown in Fig.  4 .
Next, we present experimental results which illustrate such double resonances for both anti-Stokes and Stokes Raman EPR transitions with reference to two specific cases listed in Table II , viz., ប L =PL 3 and ប L =PL 6 . From Table  II and Fig. 5 , we note that when ប L =PL 3 = 4 A 2 ͑3 / 2͒ → Ē ͑1 / 2͒, the resulting in resonance transforms the virtual electric-dipole absorption to a real transition; this is simultaneously accompanied by two real transitions in scattering Ē ͑1 / 2͒ → 4 A 2 ͑1 / 2͒ and Ē ͑1 / 2͒ → 4 A 2 ͑−1 / 2͒. Accordingly, the scattered photon energies coincide with PL 5 and PL 7 , respectively, causing two out resonances. The corresponding anti-Stokes Raman EPR transitions within the 4 A 2 Zeeman multiplet, which undergo double resonance, are the ⌬m = −1 : ͑3 / 2 → 1 / 2͒ and the ⌬m =−2:͑3 / 2 → −1 / 2͒ transitions. Indeed, in Fig. 6͑a͒ , the ͑3 / 2 → 1 / 2͒ and ͑3 / 2 → −1 / 2͒ anti-Stokes Raman lines have experienced such pronounced doubly resonant enhancements, while ͑−1 / 2 → −3 / 2͒ and ͑1 / 2 → −3 / 2͒ Raman features have also gained considerable in-tensity, being under near-resonant conditions; their intensities are nearly 2 orders of magnitude higher than those in Fig. 3͑a͒ . Note also that on the intensity scale of Fig. 6͑a͒ , the Stokes Raman spectrum is too feeble to be seen, unlike in Fig. 3͑a͒ . This is quite contrary to what one might expect from a normal thermal population factor; it is a manifestation of the huge double resonance experienced by these anti-Stokes features. Similarly, from Table II we note that the condition ប L =PL 6 will create an in resonance, which simultaneously causes out resonances corresponding to ប S = Ē ͑−1 / 2͒ → 4 A 2 ͑−1 / 2͒ and Ē ͑−1 / 2͒ → 4 A 2 ͑1 / 2͒; these scattered photon energies coincide, respectively, with PL 4 and PL 2 , and correspond to the doubly resonant Stokes Raman EPR features with ⌬m = +1 and +2. This is confirmed in Fig.  6͑b͒ , where the ͑−3 / 2 → −1 / 2͒ and ͑−3 / 2 → 1 / 2͒ Stokes Raman lines have undergone doubly resonant enhancement, while their companion lines ͑1 / 2 → 3 / 2͒ and ͑−1 / 2 → 3 / 2͒ have also gained intensity through a near-resonant enhancement. Again, on the same intensity scale, the anti-Stokes Raman spectrum is invisible in Fig. 6͑b͒ . As indicated in Figs. 4 and 5, our experiments provide clear evidence of similar double resonances for other Raman EPR lines when ប L is tuned through other PL n .
It is worth noting that the in resonance and out resonance conditions may be separately satisfied in the range of the PL spectra as can be verified in Fig. 5 for specific Raman transitions. Furthermore, in Loudon's theory for Raman scattering by optical phonons in semiconductors, 18 the scattering process involves three steps in which the initial transition to the intermediate electronic level is separated from the final electronic transition by a matrix element involving electronphonon interaction. A similar case of Raman EPR involving a TMI in the DMS occurs via a second step based on an exchange term. 19 As a result, the "in" and "out" resonances in such cases are not related energetically; however, the double resonances discussed here for ruby are clearly related energetically and occur without involving any intermediate step.
C. Raman EPR of the Ē (excited) state of R 1
It is possible to establish a steady-state electron population in the Ē ͑excited state͒ of R 1 when the sample is simultaneously illuminated with 2 mW of 5145 Å line of an Ar + laser. This causes the excitation of the U band and subsequent nonradiative decay from it to the Ē ͑excited state͒ of R 1 . Figure 7 shows the Raman EPR spectrum obtained under these conditions with ប L = 14 395 cm −1 , B = 6 T parallel to c, and T = 8 K. A comparison of Figs. 3 and 7 shows that an additional Stokes as well as anti-Stokes Raman feature labeled as ⌬Ē ͑ 2 E͒ appears in Fig. 7 . The inset of Fig. 7 shows the magnetic field dependence of this feature, which leads to a g factor of 2.43Ϯ 0.01, a value that is in excellent agreement with the known 16 g ʈ = 2.445Ϯ 0.001 for the optically populated Ē ͑excited state͒ of R 1 . Hence this new feature can be attributed to the Raman EPR of the Ē ͑excited state͒ of R 1 . Furthermore, the measured angular dependence of the Raman shift of this feature, shown in Fig. 8 , is in excellent agreement with the expected angular dependence given by g B B, where g = ͓͑g ʈ cos ͒ 2 + ͑g Ќ sin ͒ 2 ͔ 1/2 , with g ʈ = 2.445, g Ќ = 0.05, and = the angle between B and c.
IV. CONCLUDING REMARKS
In conclusion, we have successfully observed Raman EPR spectra associated with the ground-state 4 A 2 Zeeman multiplet and Ē excited state of the R 1 line of ruby. The groundstate spectra show remarkably strong double resonances as the exciting radiation energy is swept through the region of the Zeeman components of R 1 , as anticipated in the Kramers-Heisenberg picture of a Raman process. We also note that the conclusive assignments of features observed in Raman spectra are normally based on symmetry and accomplished through polarization measurements. 17 However, under reso-nant conditions, such selection rules are significantly violated, 20 and hence polarization measurements are not helpful in the assignment of the features. In this study, even without any polarization measurements, it has been possible to exploit the double resonances and unambiguously assign all the observed Raman EPR features to transitions which belong to specific initial, intermediate, and final states, thanks to the extremely selective role of the sharp Zeeman components of R 1 . 
